ILLUSTRATIONS

INTRODUCTION
Land application of wastewater has been used in the United States since the late 1800's to irrigate crops and dispose of wastewater. In the 1970's Federal regulations were enacted that required that land application be considered as a disposal method before Federal grants were approved for sewage treatmentplant construction (Crites and others, 1977) . Land application of secondary-treated wastewater is considered a viable management practice because land application provides further filtering and biological treatment of the treated wastewater through the soils, recharges local water resources, and, if crops are grown, provides revenue (Carlson, 1976; Sheaffer, 1979) .
The State of Florida requires that wastewater applied to land must have received secondary treatment (Florida Department of Environmental Regulation, 1983) . Secondary sewage-treatment systems are designed to reduce levels of suspended solids, biochemical oxygen demand (BOD), and pathogenic organisms. Nitrogen species, chloride, phosphorus species, some metals, and some bacteria and viruses are commonly found in effluent from secondary sewage-treatment plants. When this effluent is applied to land, some of these constituents are removed as the effluent moves through the soil, and nitrogen species may undergo biotransformation to nitrate. Chloride and nitrate are two highly soluble constituents of effluent that may be transported rapidly through the soil and into ground water. Nitrate is an important nutrient for plants and may be assimilated by crops and removed from soil water. If nitrate is not used by plants or is applied in such large quantities that the nitrate load supplied exceeds the needs of plants, it may be transported to the water table and cause an increase in nitrate concentrations in ground water.
The City of Tallahassee began applying effluent from a secondary sewage-treatment plant to land on a 20.5 acre site southwest of the city in 1966. This southwest spray field is located adjacent to the Thomas P. Smith Wastewater Renovation Plant ( fig. 1) . Expansions of the southwest sprayfield in 1972 and 1977 have increased the total area to nearly 120 acres. Originally, the application rates were experimental and were used to determine optimum application rates and types of crops that could be grown without harming local water supplies (Overman, 1979) .
In late 1980, a much larger sprayfield was opened 8 miles east of the original site ( fig. 1 ). The total amount of land presently used for irrigation at the two sites is approximately 2,000 acres. The average amount of treated waste water applied from January 1985 to April 1988 was 15.4 Mgal/d (million gallons per day).
The new site, known as the southeast sprayfield, is presently operated as a commercial farm by a farmer under contract with the City of Tallahassee. Farming operations include the growing of forage crops (corn, sorghum, soybeans, and rye grass) that are irrigated with the treated sewage with supplemental application of commercial fertilizers (containing nitrogen, potassium, and sulfur) during the growing season.
The present study was undertaken in cooperation with the City of Tallahassee to determine if the procedure of applying effluent and commercial fertilizer to the land was resulting in nitrogen enrichment of the underlying ground water. The primary purpose of the study was to determine the sources and distribution of nitrate in ground water at the southeast sprayfield.
Purpose and Scope
This report describes the sources of nitrate in ground water at the southeast sprayfield. Primary sources include treated wastewater and fertilizers; secondary sources of nitrate are soils, animal waste, and precipitation. The distribution of nitrate as a function of depth, time, and location is also described and evaluated.
This study involved periodic sampling of the 60 wells located at the southeast sprayfield and analysis of the ground water primarily for nitrate nitrogen, chloride, ammonia nitrogen, organic nitrogen, and nitrite nitrogen. Nitrate nitrogen was used as the principal target variable and was emphasized during the 1986-88 sampling period. Also, 62 samples of ground water and effluent were collected for analysis of the nitrogen isotope ratio in nitrate. Nitrogen-isotope samples were collected from the southeast and the southwest sprayfields in an attempt to distinguish between wastewater and fertilizer sources of nitrogen.
Previous Studies
Ssveral reports have been published describing the effects of spraying secondary-treated wastewater on the hydrology and ground-water quality at the southwest sprayfield (Slack, 1975; Yurewicz, 1983; Yurewicz and Rosfcnau, 1986) . Nitrate and chloride have both increased in concentration in ground water at the southwest sprayfield, whereas phosphorus concentration, coliform bacteria concentration, and BOD have not increased. The irrigation at the southwest sprayfield, however, has not affected water levels or flow paths.
Similar results have been reported for the southeast sprayfield. Elder and others (1985) found that the spraying of the treated wastewater was not affecting water levels, but that concentrations of nitrate and chloride were increasing in ground water. In a more recent study of the southeast sprayfield, Pruitt and others (1988) found that nitrate and chloride concentrations had continued to increase in water from some wells. The amount of chloride and nitrate present in ground water from each well appears to depend on the location of the well (inside or outside of a spraying tract) and the depth of the well. Several organic compounds were detected in the treated wastewater and two of these compounds were detected in ground water at the sprayfield. However, concentrations of the two compounds never exceeded drinking water standards established by the Florida Department of Environmental Regulation (1985) and concentrations remained near the detection limit.
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SITE DESCRIPTION
Topography
Ttie southeast sprayfield is located in the Woodville Karst Plain (Hendry and Sproul, 1966) . In this area, limeistone of the Upper Floridan aquifer is overlain by deposits of sand and silt that contain discontinuous layers of clay. The highest land surface altitudes at the Numerous covered sinkholes in the limestone are responsible for depressions in the land surface. Some of these depressions were partially filled during construction of the sprayfield to smooth out the land surface for farming and operation of the tract spray units, although the land surface remains undulating. The land surface slopes downward toward the southern boundary of the site with altitudes as low as 20 feet.
Hydrogeology
Surficial Aquifer
The lithology of the southeast sprayfield is shown in table 1. The surficial aquifer at the southeast sprayfield consists of permeable sand and silt interspersed with less permeable layers of clay and clayey sand. These unconsolidated deposits are approximately 30 to 60 feet thick throughout most of the study area ( fig. 3) . (From Pruitt and others, 1988.) Examination of deposits during the drilling in 1987 showed that the layers of clay vary in thickness, color, texture, and depth. One or more clay layers were penetrated at every location at which a new well was drilled.
The surficial aquifer is partly saturated with the water table generally following the contours of the land surface. Depth to water in the surficial aquifer, as measured in all of the wells in this aquifer, ranges from 5 to 35 feet below land surface, although most water levels range from 15 to 25 feet below land surface. The water table generally is higher than the potentiometric surface of the Upper Floridan aquifer. Control data were hot sufficient to prepare a water-table map of the southeast sprayfield. [From Hendry and Sproul (1966) , Schmidt (1979) , and Miller (1982) 
Upper Floridan Aquifer
The Upper Floridan aquifer is the uppermost unit of the Floridan aquifer system (Pruitt, 1988) . The Floridan aquifer system is the principal source of water in the vicinity of Tallahassee and consists of a series of highly permeable carbonate rocks (table 1). The thickness of the entire Floridan aquifer system is approximately 1,600 feet at the southeast sprayfield (Miller, 1982) . The top of the Upper Floridan aquifer in the area of the southeast sprayfield is the St. Marks Formation of Miocene age. According to Hendry and Sproul (1966) , the St. Marks Formation consists of silty to sandy limestones, up to 200 feet thick, that have been partially recrystallized and have undergone varying degrees of dolomitization. Prior to the deposition of the sediments that overlie it, the surface of the St. Marks Formation was exposed to chemical weathering and physical erosion. Solution channels began to form near the surface and have continued to enlarge with time. Solution of the limestone has also occurred at depth along fractures and bedding planes and has created a highly permeable formation of connecting solution channels.
Below the St. Marks Formation lies the Suwannee Limestone of Oligocene age. Solution channels are more extensive in the Suwannee Limestone than in the St. Marks Formation, making the Suwannee Limestone a more productive source of ground water (Hendry and Sproul, 1966) .
The potentiometric surface of the Upper Floridan aquifer at the southeast sprayfield in March 1988 is shown in figure 5 . The general direction of ground-water flow in the area is to the southwest. The regional potentiometric surface for north Florida in May 1985 ( fig. 6 ) indicates a ground-water flow direction more toward the south, and indicates that the potentiometric surface at the southeast sprayfield was lower in 1985 than in 1988. Historical records of water levels in wells at the southeast sprayfield and a well at the Tallahassee Municipal Airport showed that water levels in mid-1985, when the regional potentiometric surface map was prepared, were approximately 8 to 10 feet lower at both sites than in March 1988.
Recharge to the surficial aquifer is primarily through rainfall in the area. Recharge to the Upper Floridan aquifer is from the downward movement of water from the surficial aquifer and from rainfall in areas to the north of Tallahassee. Discharge is to natural springs to the south of Leon County and to pumped water-supply wells (Schmidt, 1979) .
Effluent-Spray Irrigation
The 1,840-acre southeast sprayfield is divided into 13 circular tracts, each containing a center-pivot spray unit ( fig. 7) . The tracts range in approximate size from 100 to 180 acres. The tracts are numbered from 1 through 13. Tracts 1 through 7 have been irrigated since November 1980, tracts 8 through 11 since March 1982, and tracts 12 and 13 since March 1986.
There are four lined holding ponds at the southeast sprayfield. Only one of the four ponds is used on a daily basis. The retention of the effluent in the holding pond prior to spray application is generally less than 48 hours.
The monthly volume of sewage treatment-plant effluent applied at the southeast sprayfield from January 1985 through December 1987 is shown in figure 8 . The average annual volume of effluent applied during 1985-87 was approximately 140 inches, which is double the average annual precipitation of approximately 68 inches for the same time period. The effluent application is relatively constant throughout the year, whereas precipitation mostly occurs in the summer months ( fig. 8 ).
Farming Operation
The southeast sprayfield is operated as a commercial farm, growing rye grass, soybeans, and corn for cattle feed. The farming operation includes the use of fertilizers and some pesticides and herbicides which are applied through the center-pivot spray unit along with 
METHODS
Installation of Lysimeters
Lysimeters are water-collecting devices that have a porous section into which water from the unsaturated zone is collected by drawing a vacuum inside the device. Each lysimeter is approximately 2 inches in diameter, 17.5 inches long, and constructed of polytetrafluoroethylene (PTFE). The porous section, which allows water to enter the lysimeter, is a 4-inch long, 70-micrometer pore size section in the middle of the lysimeter ( fig. 9a ). The part of the lysimeter below the porous section acts as a reservoir for water after it is drawn into the lysimeter. A sample extraction tube and a vacuum tube are attached to the top of the lysimeter. The sample extraction tube extends through the entire length of the lysimeter and is used to remove water samples from the bottom of the lysimeter. The vacuum tube extends only to the top of the lysimeter and is used to draw a vacuum inside the lysimeter when the sample extraction tube is clamped closed. Lysimeters were installed by augering a 3-inch diameter hole to the desired depth. The bottom of the hole was initially filled with approximately 1 liter of silica flour slurry made with distilled water. The lysimeter was lowered into the auger hole and an additional 4 to 5 liters of the silica slurry were slowly poured down the hole to completely cover the lysimeter. After several days, when the slurry had dried, the rem ainder of the hole was backfilled with material that had been removed during the augering of the hole Clusters of three lysimeters were installed adjacent to monitoring wells at four locations at the southeast sprayfield in October 1987 ( fig. 10 ). Two lysimeters were installed in circular tract 11. Lysimeters were installed approximately 3 feet apart and placed at three different depths. The first lysimeter was installed at a depth approximately 4 to 5 feet below land surface, the second, 8 to 10 feet below land surface, and the third approximately 13 feet below land surface.
Installation of Wells
From October 1979 to December 1981, before and shortly after irrigation began, 45 observation wells were installed at the southeast sprayfield. Of these, 36 wells were completed in the Upper Floridan aquifer. Several of the 10 wells that were completed in the surficial aquifer were often dry or were destroyed by cattle or farm equipment. Additional shallow wells were installed into the surficial aquifer during May and July 1987. Two wells were installed and completed in the Upper Floridan aquifer in 1986. The total number of wells sampled for this study included 38 wells The wells completed in the surficial aquifer at the southeast sprayfield are made of 2-inch diameter PVC pipe with a 5-foot section of slotted screen at the bottom. Depths range from 17 to 43 feet below land surface.
Many of the wells were installed in clusters of two or three, so that ground water from the two aquifers and from different depths within the Upper Floridan aquifer could be sampled. Well locations and local identifiers for each well are shown in figure 7. In addition, each well was assigned a unique 15-digit code identifying each well site by latitude and longitude. Information about each well, including construction, well depths, and land surface altitude, is given in Figure 9 . Sketches of (a) lysimeter construction and installation and (b) relative depths of lysimeters and monitoring wells.
Sampling and Analysis of Water Samples
Water in the unsaturated zone was collected by using lysimeters. A hand-operated vacuum pump was used to apply 60 to 70 centibars (8.7-10.1 pounds per square inch) of vacuum to the lysimeters. Samples were drawn through the sample extraction tube into collection bottles, using a peristaltic pump, approximately 20 to 25 hours later.
Wells in the Upper Floridan aquifer were sampled with a permanently installed submersible pump, after pumping at least two casing volumes of water from the well. Wells in the surficial aquifer were sampled by bailer or using a 1.7-inch diameter, hand-operated, positive displacement pump after removing three casing volumes of water, or bailing the well dry the day before sampling. Samples collected from the wells in the surficial aquifer occasionally had to be filtered to remove excessive amounts of suspended materials before analysis. Characteristics measured in the field include water level, pH, temperature, and specific conductance. Field analyses were done using prescribed U.S. Geological Survey procedures (Fishman and Friedman, 1985) . The quality assurance on these analyses was ensured by a reference sample program with the U.S. Geological Survey Water Quality Service Unit at Ocala, Fla.
Samples were stored on ice in the field and were taken to the laboratory on the day of collection. Analyses were done at the City of Tallahassee Water Quality Laboratory using methods that follow U.S. Geological Survey procedures (American Public Health Association, 1985; and Fishman and Friedman, 1985) . The City of Tallahassee Water Quality Laboratory analyzes standard reference samples in cooperation with the U.S. Geological Survey.
Nitrogen Isotope Analysis
Samples for nitrogen isotope analysis were collected in 1-liter bottles. To prevent isotope fractionation by bacterial processes before analysis, the samples were kept on ice, frozen, then shipped frozen to the laboratory at the: University of Nebraska. Several duplicate ,es were run for quality assurance. The analysis of en isotopes consists of comparing the ratio of two stable isotopes of nitrogen, 14N and 15N, in a analys nitrog of the known standard to the ratio in the sample. The predominant form of nitrogen in the Earth's atmosphere (99.632 + 0.002 percent) is 14N (Nier, 1955; Junk and Svec, 1958; and Kreitler, 1975) . Atmospheric nitrogen is used as the standard. The ratio of the sample to the standard is measured by converting the nitrogen species to nitiiogen gas and analyzing the gas by comparing the ratio of nitrogen of mass 29 to mass 28 using mass spectrometry (Kreitler, 1975) . This ratio of sample to standard is expressed as 5 15N in parts per thousand (PPt When the sample is depleted in 15N relative to the standard, then the sample is expressed as a negative 8 15N. A sample that has a greater amount of 15N than the standard has a positive 515N.
CHANGES IN GROUND-WATER FLOW SYSTEM DUE TO EFFLUENT APPLICATION
Records of water levels in several wells at the southeast sprayfield are shown in figure 11 . The wells are screened or have open intervals at various depths and are located inside and outside the irrigation tracts. A control well completed in the Upper Floridan aquifer and located at the Tallahassee Municipal Airport, approximately 8.5 miles from the site, is also shown for comparison. No upward trend in water levels is noted, indicating that the volume of water applied since November 1980 at the southeast site probably has not had a substantial effect on water levels or flow paths of ground water. 1981 1982 1983 1984 1985 1986 1987 1988 Figure 11. Water levels in selected wells at the southeast sprayfield and at the Tallahassee Municipal Airport, 1980-88.
SOURCES OF NITROGEN Initial Ground-Water Quality
The results of analyses of ground water from two wells at the southeast sprayfield collected prior to spray irrigation are given in table 3. Nitrate plus nitrite (as nitrogen), total Kjeldahl nitrogen (ammonia plus organic nitrogen), and phosphorus (total) concentrations were less than 1.0 mg/L in samples collected from the surficial aquifer and the Upper Floridan aquifer. Analyses of samples collected from the surficial aquifer and the Upper Floridan aquifer were similar.
Precipitation
Mean concentrations of nitrate plus nitrite nitrogen, and chloride, for samples collected at the National Trends Network site at Quincy, Fla., from March 1984 to January 1987 are given in table 3. The mean concentration of nitrate was 0.96 mg/L, and the mean concentration of chloride was 0.72 mg/L. Ammonia is not shown in the table because it was detected in trace amounts (<0.02 mg/L) in many samples.
The nitrogen contributed from precipitation for the area of the southeast sprayfield was estimated using the 1984-87 mean nitrate concentration of 0.96 mg/L and a mean annual precipitation rate (for 1985-87) of 67.51 inches. Precipitation records were available only up to 1987. Based on these estimates, the nitrogen contributed by precipitation was calculated to average 1.2 pounds of nitrogen per acre per month (14.7 pounds of nitrogen per acre per year). This estimated load is probably low because all nitrogen species were not included in the calculation.
Animal Waste Fertilizers
The amount of nitrogen derived from cow manure was calculated from estimates of the quantity of manure produced per head of cattle in a 4-to 5-month period (U.S. Environmental Protection Agency, 1977) and the reported percentage of nitrogen in cow manure (Martin and others, 1985) . The estimated nitrogen load contributed by animal wastes from the 1,100 to 1,700 head of cattle ranged from 10 to 18 pounds per acre per year.
Sewage Treatment-Plant Effluent
Results of analyses of the sewage treatment-plant effluent show that mean concentrations of nitrogen species (total Kjeldahl and nitrate plus nitrite), phosphorus and chloride are much higher than in background ground-water samples or in precipitation (table 3) . These mean concentrations are based on monthly samples collected from the holding pond at the southeast sprayfield.
The monthly concentration of total nitrogen and the monthly volume of effluent applied (1985-86 data) were used to calculate estimates of the monthly amounts of nitrogen applied for the period January 1985 to December 1987 ( fig. 12 ). The effluent applications during this period were presumed to be representative of the effluent applications since 1980. The concentration of total nitrogen used for this calculation was the sum of nitrate plus nitrite nitrogen and total Kjeldahl nitrogen. The mean nitrogen application rate from effluent was calculated to be about 36.2 pounds of nitrogen per month per acre. The precipitation contribution of 1.2 pounds of nitrogen per month is negligible compared to the contribution from the effluent.
Inorganic fertilizers (primarily liquid ammonia) are used seasonally to supplement the nitrogen from the sewage treatment-plant effluent for crops, such as corn, that require large amounts of nitrogen at specific times during plant growth. The total amounts of fertilizers appliec and their compositions have been documented (Keith Turner, City of Tallahassee, written commun., 1981-88). The monthly applications of nitrogen from inorganic fertilizers averaged 16.9 pounds of nitrogen per acrs for the period January 1985 to December 1987. Although the average monthly application rate of fertilizers is roughly half that from effluent, the nitrogen from fertilizers in some individual months is twice the amount from effluent ( fig. 12 ). This additional nitrogen from tie fertilizers is intended for utilization by the crops. But, if all the nitrogen from fertilizers is not utilized by the crops, it may be an additional source of nitrogen to the ground water.
CHEMISTRY OF SUBSURFACE WATER
The chemistry of nitrogen species, chloride, and phosphorus was studied in water from the unsaturated zone and ground water. Reduced species of nitrogen, such as ammonia and organic nitrogen, are easily converted under oxidizing conditions by microbial activity to form nitrite or nitrate. Nitrite is an unstable constituent that is rapidly converted to nitrate and is rarely detected in large quantities in ground water. Concentrations of nitrite in ground water at the southeast sprayfield have seldom exceeded trace amounts (0.02 mg/L). For this reason, nitrite is considered a negligible component of ground water and the analysis of nitrate plus nitrite can be considered to represent nitrate. Nitrate and chloride are the principal constituents whose concentrations have increased above initial concentrations in ground water at the southeast sprayfield. Nitrate and chloride do not readily form compounds with soil materials, and they can be transported through the soils to the water table, whereas phosphorous, which is also present in the effluent, is easily retained by organic matter in soils and sediments (Hem, 1985) . Total Kjeldahl nitrogen, nitrite, and phosphorus have not been found in concentrations greater than background levels in ground-water samples at the southeast sprayfield. Total Kjeldahl nitrogen and total phosphorus have been found in concentrations greater than background levels in water from the unsaturated zone, but not exceeding 1.5 mg/L.
Water from the unsaturated zone was collected in lysimeters bimonthly from December 1987 until June 1988. From December 1987 to January 1988, attempts to sample all 15 of the lysimeters were made, but from February to June 1988 the sampling was reduced to the two groups of lysimeters located in tracts 5 and 7 ( fig. 10 ) that yielded samples of sufficient volume for chemical analysis. Sample volumes less than approximately 20 mL (milliliters) were not analyzed and after March 22, 1988 , none of the six lysimeters yielded samples in sufficient volume. Only 3 of the 15 lysimeters yielded samples during the 7 months of sampling. A total of 11 samples was collected in lysimeters from December 1987 to March 1988. The small number of samples collected was probably due to malfunction of the lysimeter or to lack of sufficient soil moisture around the lysimeter during sampling.
Samples were obtained from lysimeters 5, 6, and 10 and were analyzed for nitrate plus nitrite, total Kjeldahl nitrogen, total phosphorus and dissolved chloride (table 4) Median concentrations of these constituents in water from the unsaturated zone were compared to median concentrations in the effluent and in ground water from the surficial and Upper Floridan aquifers for the period January 1987 through March 1988. The median concentrations in ground water were determined for samples from two wells in the surficial aquifer (54 and 56) and four wells in the Upper Floridan aquifer (6,7,9, and 10) located in the two irrigated tracts where samples from lysimeters were obtained ( fig. 7) . The depths of wells in the surficial aquifer were 43 and 35 feet, whereas the depths of the wells in the Upper Floridan aquifer ranged from 52 to 242 feet.
Nitrate, total Kjeldahl nitrogen, phosphorus, and chloride concentrations showed much variability during transport of the effluent from the irrigation source, through the unsaturated zone, and to ground water in the surficial and Upper Floridan aquifers (fig. 13) . The median concentration of nitrate was higher in the unsaturated zone than in the effluent, but the median concentrations decreased in ground water. Nitrate concentrations in the unsaturated zone were probably higher than those in the effluent due to the commercial fertilizer applications and to the oxidation of some of the reduced nitrogen species (total Kjeldahl nitrogen) to nitrate. The median concentration of total Kjeldahl nitrogen and total phosphorus was much higher in the effluent than in water from the unsaturated zone or ground water ( fig. 13) . The median concentration of chloride was higher in samples from the unsaturated zone than in the effluent, but concentrations decreased in ground water.
The differences in the median concentrations of nitrate^ Kjeldahl nitrogen, and phosphorus in the effluent applied at the land surface and in water collected 4 to 13 feet below land surface indicate the types of reactions occurring in the upper soil zone, whereas the differences between nitrate and chloride concentrations in the unsaturated zone and ground water are probably due to dilution. The increase in nitrate concentrations, and the decrease in total Kjeldahl nitrogen concentrations in the samples from the unsaturated zone compared to the effluent concentrations, suggest that nitrification, in which ammonia and organic nitrogen are converted to nitrate and nitrite, occurred at depths less than the depths of the lysimeters. The low phosphorus concentrations in the unsaturated zone compared to the effluent indicated that pnosphorus was removed from solution in the soils at depths less than 4 to 13 feet. The highest concentrations of phosphorus were found in the lysimeter samples from the lysimeter at a depth of 4 feet, the most shallow depth, indicating that phosphorus was still not completely removed at this depth. The median nitrate and chloride concentrations in ground water were half, or less than those measured in the unsaturated zone. Because nitrate and chloride are both highly soluble constituents in natural water, dilution with native ground water is the probable explanation for this decrease.
DISTRIBUTION OF NITRATE IN GROUND WATER
The variations in nitrate concentrations in ground water as a function of depth at the southeast sprayfield were studied to determine the extent of nitrate infiltration from surface sources. The changes in nitrate concentrations in ground water as a function of time were examined for trends. The concentrations of nitrate in ground-water samples were also compared based on location of wells, either inside or outside spray irrigation tracts, in order to assess the areal distribution and possible migration paths of this constituent in ground water.
Distribution with Depth
Ranges and means of nitrate concentrations as a function of depth are shown in figure 14 for all ground-water samples collected at the southeast site from November 1980 through April 1988. The pattern of nitrate concentrations demonstrated in figure 14 indicates that the greatest nitrate concentrations at the southeast sprayfield are primarily found in the shallow surficial aquifer. The highest nitrate concentrations in ground water were found in samples from relatively shallow wells, and concentrations decreased with depth. Eight of the wells sampled had nitrate concentrations which exceeded the MCL for nitrate: six wells in the surficial aquifer, 54, 56, 57, 58, 61, and 64; and two wells in the Upper Floridan aquifer, 9 and 47. The deepest well in which the MCL for nitrate was exceeded was 52 feet deep.
Distribution with Time
The Seasonal-Kendall nonparametric test for trend was used to determine if trends in nitrate concentrations exist and if the trends were statistically significant in ground water at the southeast sprayfield during the period 1980 through 1988. This method involves testing the randomness of concentrations with time, and takes into account any seasonality in the water-quality data and also values reported as below the detection limit (Hirsch and others, 1982) . Smith and others (1987) described a "trend" as a "monotonic change in time, occurring as either an abrupt or gradual change with time." The p-values represent the likelihood that the variability in concentration with time is due to chance. For this analysis, trends were considered statistically significant for p-values <0.05. Twenty-two wells had statistically significant upward trends in nitrate concentration from 1980 through 1988 (table 5) . Of the 58 wells sampled, only 36 had sufficient historical data for inclusion in this trend analysis. The remaining 22 wells either had less than one sample per year or had been sampled for less than 5 years. Fifteen of the wells with insufficient data for the trend analysis were in the surficial aquifer, six of which had nitrate concentrations greater than the MCL.
Concentrations of nitrate in samples from four wells in the Upper Floridan aquifer (9,22,40, and 43) and one well in the surficial aquifer (54 (36)) that showed significant trends in nitrate concentration were plotted as a function of time in figure 15 . The wells were selected to represent ground water in the two aquifers at different locations and at different depths. Wells 9, 22, and 54 (36) where irrigation began in March 1982. Wells 9 and 40 are located inside irrigated tracts (directly beneath sprayers) and wells 22 and 43, are located outside irrigated tracts, but within the boundaries of the sprayfield ( fig. 7) . Well 54 is a replacement for well 36 which was destroyed by farm equipment. It was installed in June 1986 and drilled to the same depth as well 36 and is less than 20 feet from the original location of well 36.
Examination of the nitrate concentrations in ground water from the selected wells over time showed little or no change in concentration in the first year after spray irrigation began ( fig. 15) . But beginning about 12 to 14 months after irrigation with the sewage treatment-plant effluent began, notable trends were evident in nitrate concentrations in ground water. The greatest increase in nitrate concentrations, and where nitrate concentrations exceeded the MCL, were in samples from wells 9 and 54 located inside irrigated tracts where effluent has been applied since 1980. Samples from wells 22 and 43 located outside irrigated tracts also increased in nitrate concentrations, but the nitrate concentrations did not exceed the 10 mg/L MCL. Samples collected from well 40, located inside an irrigated tract in the eastern half of the sprayfield, have shown an increase in nitrate concentrations, but the nitrate concentrations have not exceeded 2.5 mg/L.
Distribution with Location
Wells at the southeast sprayfield were divided into categoric s based on a combination of aquifer, depth, and location in order to observe distribution of nitrate concentrations and the relative importance of lateral and downwafd flow through the surficial aquifer and the upper 100 feet of the Upper Floridan aquifer (table 6) . If ground-water flow through these two aquifers is mostly downward rather than lateral, the ground water collectec from wells located outside irrigated tracts should siow little or no nitrate enrichment from the sewage treatment-plant effluent or the fertilizers. Median total nitrogen and nitrate concentrations (1986-88) are shown in figure 16 for the six categories of wells tapping the: (1) surficial aquifer located inside irrigated tracts, (2) surficial aquifer located outside irrigated tracts, (3) Upper Floridan aquifer less than 100 feet deep located inside irrigated tracts, (4) Upper Floridan aquifer less than 100 feet deep located outside irrigated tracts, (5) Upper Floridan aquifer greater than 100 feet deep located inside irrigated tracts, and (6) Upper Floridan aquifer greater than 100 feet deep located outside irrigated tracts.
Only ground-water samples collected and analyzed from January 1986 to April 1988 were included in this analysis. The data from 1986-88 were selected for two reasons. The first reason is that the effects of spray irrigation on water quality did not occur until approximately 1 year after irrigation began, and irrigation began at different times in different tracts, ranging from November 1980 to March 1986. The second reason is that there was a paucity of samples collected from wells in the surficial aquifer prior to 1987.
The median concentration of nitrate (8.4 mg/L) in the effluent (from a holding pond at the southeast sprayfield) is also shown for comparison to the concentrations in ground water ( fig. 16 ). The effluent also contained total Kjeldahl nitrogen (median concentration, 5.9 mg/L) which was probably converted to nitrate making the median total nitrogen in the effluent approximately 14.3 mg/L. Fertilizer nitrogen may also be contributing to the nitrate in ground water as will be discussed in a later section.
Ground-water samples from surficial wells located inside irrigated tracts had the highest median nitrate concentration of all the categories, with a median concentration of 13.2 mg/L nitrate. In contrast, ground water from surficial wells located outside irrigated tracts had a median nitrate concentration of only 0.7 mg/L.
Nitrate concentrations in samples from wells in the Upper Floridan aquifer with depths less than 100 feet, categorized by location inside and outside irrigated tracts, showed similar nitrate distribution to that of samples from wells in the surficial aquifer. Samples from shallow wells in the Floridan aquifer system located inside irrigated tracts had a median concentration of 6.5 mg/L nitrate, whereas those located outside irrigated tracts had a median nitrate concentration of only 1.8 mg/L.
Samples from wells in the Upper Floridan aquifer greater than 100 feet deep, categorized according to location inside and outside irrigated tracts, showed little difference in median nitrate concentrations for the two locations. The median concentration of nitrate for samples from wells located inside irrigated tracts was 1.2 mg/L, and the median concentration was 1.1 mg/L for samples from wells located outside irrigated tracts.
The results from nonparametric analysis of variance (ANOVA) which analyzes the data by first assigning ranks to all the data in order of increasing concentration are given in table 7. The null hypothesis in each case was that there is no difference in the means of the ranks of the two sample groups that are categorized by location (PStat, Inc., 1986) . The p-values represent the probability that the differences detected in the means of the ranks are due solely to chance (table 7) . For these analyses, a significant difference in the nitrate concentrations in sample groups was assumed for p-values <0.05.
The results of the ANOVA test on nitrate concentrations in samples from the surficial aquifer and the Upper Floridan aquifer less than 100 feet deep at locations inside and outside irrigated tracts indicate that the differences in nitrate concentrations are significant. In each case, the greater nitrate concentrations in water in these shallow aquifer zones occur inside irrigated tracts. The median nitrate concentrations are relatively low in wells greater than 100 feet deep in the Upper Floridan aquifer both inside and outside irrigated tracts, and the concentrations were not significantly different. 54,56,57,58,61,64 29, 33, 34, 55, 59,60, 62 65,66,67,68,69,70 54, 56, 62, 68 29, 33, 34, 55, 56, 57, 58, 60,61,64, 65, 66, 69 2, 3, 4, 12, 14, 16, 18,19,20,24,45,48, 49, 52, 53 12, 14, 18, 42, 48, 49 1,2,3,4,9,16,19,20 24, 39, 45 6, 7, 10, 37, 38, 40, 41, 46 SES, 15, 17, 21, 22, 43, 44, 50, 51 SES, 6, 7, 15, 40, 41 10, 17, 21, 22, 37, 38, 43, 44, 46, 50, 51 55 47 47 55 The difference in the nitrate concentrations for these two categories of wells in the surficial aquifer indicates there is little lateral flow within the surficial aquifer and that the nitrate entering the surficial aquifer directly underneath the irrigated tracts is probably being primarily transported downward. This recharge may be retarded to some extent by the discontinuous layers within the surficial aquifer and between the surficial aquifer and the Upper Floridan aquifer.
NITRATE NITROGEN CONCENTRATION, IN MILLIGRAMS PER LITER
For wells less than 100 feet deep in the Upper Floridan aquifer, concentrations of nitrate are greater in samples from inside the irrigated tracts than in samples from outside the tracts. As in the surficial aquifer, the principal direction of ground-water movement appears to be downward. Many of these wells are only 10 to 20 feet deeper than wells in the surficial aquifer, so this similarity is expected.
The ANOVA test on samples from wells in the Upper Floridan aquifer greater than 100 feet deep yielded a p-value greater than 0.05, which indicates there is no significant difference in the nitrate concentrations between samples collected inside and outside irrigated tracts (table 7) . The absence of a significant difference in concentrations of nitrate in samples from wells in the Upper Floridan aquifer greater than 100 feet deep inside and outside irrigated tracts may indicate that lateral flow is more dominant here or that mixing with the ground water containing background concentrations of nitrate dilutes the nitrate contributed by the effluent and fertilizers. Wells were further categorized by location upgradient or downgradient with respect to the ground-water flow direction (table 6). Upgradient wells are those in the northern area of the southeast sprayfield and downgradient wells are those within the sprayfield, but to the south, in the direction of ground-water flow.
Results for samples from wells in the surficial aquifer yielded a low p-value (less than 0.05), implying a significant difference in nitrate concentrations (table 7) in upgradient and downgradient wells. Results were unexpected, because lateral movement of ground-water flow and nitrate was considered negligible because of the significant difference in nitrate concentrations inside and outside the irrigated tracts. Median nitrate concentration in upgradient wells was 12.4 mg/L, much higher than the median of 2.97 mg/L for downgradient wells. A bias in the data may be causing these anomalous results, because one of the five wells categorized as upgradient in the surficial aquifer (well 54) has been sampled extensively since 1982. Because of this extensive sampling, samples from well 54 represented more than half of the 21 samples from upgradient wells in the surficial aquifer. Well 54 is located inside an irrigated tract and is one of the wells in which nitrate concentrations have exceeded 10 mg/L.
The statistical analysis of samples from wells less than 100 feet deep in the Upper Floridan aquifer, categorized by location upgradient or downgradient, yielded a p-value greater than 0.05. This implies there is no significant difference in nitrate concentrations throughout the area of the sprayfield at this depth in the Upper FJoridan aquifer. This also may imply that downward flow is not as dominant as previously suggested and that lateral movement of ground water at this depth is as important as downward flow.
Analysis of samples from wells in the Upper Floridan aquifer categories shows a significant difference in nitrate concentrations (table 7) for upgradient and downgradient wells. The median nitrate concentration for the 45 samples from wells located in the upgradient part of the southeast sprayfield is 0.51 mg/L, compared to 4.28 mg/L nitrate for the 55 samples from wells located in the downgradient locations. This difference in concentrations of nitrate suggests that recharge in the upgradient part of the sprayfield affected water quality in the deeper part of the Upper Floridan aquifer in the southern, downgradient part of the sprayfielc^. The hypothesized ground-water flow paths at the southeast sprayfield are depicted in figure 17 .
In addition to the statistical analysis of nitrate concentrations, several of the clusters of wells were sampled on the same day in order to observe the differences in nitrate concentrations with depth at sites inside and outside irrigated tracts. Nitrate concentrations as a function of sample depth were plotted for samples from well clusters located inside irrigated tracts ( fig. 18 ). Highest concentrations were in samples from the shallowest well and concentrations decreased with depth. In contrast, nitrate concentrations in samples from well clusters located outside irrigated tracts were lowest in the shallowest wells and increased with depth ( fig. 19 ). These observations are in accord with the ground-water flow paths depicted in figure 17, which indicates that flow through the surficial aquifer is mostly downward, while flow through the Upper Floridan aquifer is more lateral than downward.
DETERMINATION OF SOURCE OF NITROGEN IN GROUND WATER
Nitrogen isotope ratios in soil and ground water have been used by many investigators to determine the sources of nitrogen contamination. Studies using measurements of nitrogen isotope ratios, 8 15N, have been documented in reports by Kreitler (1975) , Gormly and Spalding (1979) , Spalding and others (1982) , and Flipse and Bonner (1985) . Kreitler (1975) and Kreitler and others (1978) determined that ranges in 815N values for nitrate in ground water and soil water could be established in areas where the primary sources of nitrogen contamination were known. Three general ranges in nitrogen isotope ratios, 8 15N, were defined for different sources of nitrogen contamination; inorganic fertilizer nitrogen with a range in 8 15N values of -3 to +2 ppt, organic soil nitrogen with a range from +2 to +8 ppt, and nitrogen from animal waste ranging from + 10 to+20 ppt.
The nitrogen isotope ratio in the source of nitrogen cannot be directly compared to the nitrogen isotope ratio of nitrate in the ground water affected by the source due to fractionation of the isotopes by processes occurring after the nitrogen enters the system. Fractionation processes include the combination of physical and chemical reactions that separate the isotopes of an element (Toran, 1982) . This fractionation may preferentially remove the lighter isotope of nitrogen ( 14N), leaving the resulting nitrogen compound isotopically heavier than the nitrogen source. Kreitler (1975) concluded that ammonia volatilization or denitrification could leave the residual nitrate in ground water isotopically heavier than its surface source of fertilizer nitrogen. Flipse and others (1984) demonstrated that there could be some difficulty in determining the difference in ground water between organic soil nitrogen sources and inorganic fertilizer sources of nitrogen due to fractionation. Flipse and Bonner (1985) assessed the difficulty in determining the difference between inorganic fertilizer and animal-waste sources of nitrogen contamination in ground water by nitrogen isotope fractionation studies. Nitrogen isotope ratios in ground water were used to determine if isotopes of nitrogen in inorganic fertilizers became fractionated by processes occurring during transport to ground water such that the ranges of 8 15N values in ground water would overlap with the higher range of 8 15N values from animal waste (+10 to +20 ppt). Nitrogen applied as fertilizer at a farm on Long Island, N.Y., became enriched in 815N from +0.2 ppt at application time to +6.2 ppt in ground water (Flipse and Bonner, 1985) ; also nitrogen isotope ratios in fertilizer applied at a golf course increased from -5.9 ppt at the time of application to +6.5 ppt in ground water (Flipse and Bonner, 1985) . These studies show that there can be an overlap in 815N values in ground water from organic soil nitrogen and inorganic fertilizer nitrogen sources. Figure 17 . Generalized north-south geohydrologic secticm showing ground-water flow paths beneath the southeast sprayfield.
In the present study, in which treated wastewater and inorganic fertilizers are the major sources of nitrogen, determining the predominant source in the ground water was complicated because the two sources of nitrogen were applied as a mixture, although the fertilizer was applied on a less regular basis ( fig. 12 ). To differentiate between the effluent and inorganic fertilizer sources of nitrogen in ground water, 815N values at the southeast site were compared to 8 15N values at the southwest site where the soils are similar and effluent is the sole source of nitrogen. The soils at both sites are predominately Kershaw Ortega and Alpin soils (Sanders, 1981) . If ground 8 15N values in ground water from the southeast sprayfield are significantly different from the values in water from the southwest sprayfield, then the additional source at the southeast sprayfield (inorganic fertilizer) may be considered a significant contributor to the nitrate in ground water.
Samples were collected in March 1986, July 1987, and January 1988 from 13 wells at the southeast sprayfield and from 3 wells at the southwest sprayfield adjacent to the sewage-treatment plant ( fig. 20) . A total of 38 samples of ground water were collected. The results of analyses for 8 15N are given in table 8. Nitrate concentrations in samples were plotted as a function of 815N values to determine if any correlation exists between these two values. Samples from the southwest sprayfield generally had higher 8 15N values, although nitrate concentrations at the southeast sprayfields had a greater range than those at the southwest sprayfield ( fig. 21 ), but no linear correlation was noted between nitrate concentrations and 815N values.
Samples collected from the southeast sprayfield had a slightly larger range in 8 15N values than samples collected at the southwest sprayfield. The range in 815N values for ground-water samples collected at the southeast sprayfield was +5.4 to +12.2 ppt. According to the ranges described by Kreitler (1975) and Kreitler and others (1978) , this corresponds to the categories where soil organic nitrogen and animal wastes are the expected sources of nitrogen. If soil organic nitrogen contributed to the nitrogen isotope ratio, it would be expected to have the same influence at both sites. Samples collected at the southwest sprayfield had a range in 815N values from +8.9 to +16.7 ppt, which is a higher range of values than that for samples from the southeast sprayfield, and close to the range of +10 to +20 ppt expected for ground water with nitrogen from animal waste as a predominant source of nitrogen (Kreitler and others, 1978) .
The 815N values for the two sites were plotted as a function of frequency to examine the range and distribution of 8 15N values (fig. 22 ). Only three samples from the southeast sprayfield overlapped with the range of values for samples from the southwest sprayfield, implying that there is a difference in the sources of nitrogen at these two sites. Nonparametric analysis of variance was used to test the statistical difference between 815N values at the southeast and the southwest sprayfields. The 815N values from the two groups were ranked in order of increasing value and the means of the rank of the two sample groups were compared (SAS Institute, Inc., 1987) . The p-value from the ANOVA test for this comparison was below the significance level of 0.05, indicating there is a significant difference between the 8 15N values at the two sites.
The implication of the results of the ANOVA test on 8 15N values from the southeast sprayfield and the southwest sprayfield implies that the effect of inorganic fertilizers on the 8 15N values in nitrate at the southeast sprayfield is significant. The 8 15N values are lower at the southeast sprayfield because the inorganic fertilizers that have been applied as part of the farming operation contribute nitrogen with a lower 8 15N value. The amount of nitrate in ground water contributed by the fertilizers cannot be quantified because of the complexity of fractionation processes and the uptake of nitrogen by the crops grown at the southeast sprayfield. The results of the nitrogen isotope analysis do indicate that both the effluent and the inorganic fertilizers are important sources of nitrate to ground water at the southeast sprayfield.
SUMMARY AND CONCLUSIONS
The major sources of nitrate in ground water at the southeast sprayfield near Tallahassee are effluent from the municipal sewage-treatment plant and inorganic fertilizers applied in conjunction with the farming operation at the site. Farming activities and the 10.0 9.6 16.7 12.9 application of effluent at the sprayfield began in November 1980. An undetermined amount of nitrogen from each source has been utilized by crops over the years; however, nitrate concentrations in excess of 10 mg/L, the maximum contaminant level established by the State, were detected in samples from eight wells in the underlying surficial aquifer and the Upper Floridan aquifer. Concentrations of nitrate in samples from monitoring wells located outside the boundaries of the sprayfield in the downgradient direction were less than the maximum contaminant level.
The hydrogeology of the two aquifers at the southeast sprayfield controls the migration of nitrate in ground water. The surficial aquifer is predominantly sand that includes numerous clay lenses. The clay lenses are not continuous but may retard flow (recharge) through the aquifer. The Upper Floridan aquifer is a sequence of carbonate rocks in which sinkholes and extensive solution cavities have formed. Cavities and conduits within the Upper Floridan aquifer system form highly permeable zones that can rapidly transport large volumes of ground water through some zones of this aquifer.
The chemistry of water in the unsaturated zone indicates that reduced species of nitrogen are converted to nitrate and that phosphorus is removed from solution before these constituents of the sewage treatment-plant effluent reach the water table. The unsaturated zone at the southeast sprayfield is approximately 15 to 35 feet thick. Water samples from the unsaturated zone were collecte^i in lysimeters from December 1987 through March 1988. Nitrate concentrations were higher in the unsaturated zone than in the effluent, whereas total Kjeldahl nitrogen and phosphorus concentrations were lower in the unsaturated zone than in effluent.
The pattern of nitrate enrichment in ground water is variable and is related to the flow systems of the two aquifers, as well as proximity of the sampling points to the irrigation and fertilizer source. In areas directly beneath farmed and irrigated tracts, samples from wells in the surficial aquifer and wells less than 100 feet deep in the Upper Floridan aquifer had the highest nitrate concentrations, whereas samples collected from wells not directly beneath irrigated tracts had statistically significant lower nitrate concentrations. Also, samples from wells in the Upper Floridan aquifer greater than 100 feet deep, located in the southern, downgradient part of the sprayfield, had higher nitrate concentrations than samples from wells of similar depth located in the northern, upgradient part.
The distribution of nitrate in ground water indicates the predominance of a downward direction of water flow in the unsaturated zone, the surficial aquifer, and the Upper Floridan aquifer to depths less than 100 feet. But, a lateral component of ground-water flow probably dominates in the Upper Floridan aquifer at depths greater than 100 feet, based on the distribution of nitrate in this part of the aquifer.
Analysis of the nitrogen isotope ratio, 815N, of nitrate in ground water was used to determine the relative amounts of nitrate in ground water contributed by effluent and by fertilizers at the southeast sprayfield. A statistical comparison was made between the 815N values of nitrate in ground water at the southeast sprayfield and those at the southwest sprayfield where no inorganic fertilizers have been applied. Results showed that the nitrogen isotope ratios at the two sites were significantly different from one another. This indicated that the addition of the inorganic fertilizers has contributed a significant amount of isotopically light nitrogen to the nitrate found in ground water at the southeast sprayfield. The amount of nitrate in ground water contributed by fertilizers at the southeast sprayfield cannot be quantified because of the complexity of processes that affect the nitrogen isotope ratios and the unknown amounts of nitrogen from the two sources that are utilized by crops.
SOUTHEAST SPRAYFIELD SOUTHWEST SPRAYFIELD
5.4-7.0 7.1-9.0 9.1-11.0 11.1-13.0 13.1-16.6 NITROGEN ISOTOPE RATIO (0/00) Figure 22 . Nitrogen isotope ratio, 8 15N, in groundwater samples from the southeast and southwest sprayfields.
